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Abstract
The high temperature deformation behavior of HCP alloys has been investigated within the

framework of an internal variable theory. Various mechanical testswere conductedto thisend for
AZ31 Mg and Ti-6Al-4V aloys together with microstructure observation. In the first part, a
series of load relaxation tests was first performed for AZ31 Mg alloy to obtain overal flow
curves, which were then analyzed according to the respective physical mechanisms, viz., the
grain boundary sliding (GBS) and the accommodating dislocation glide process as prescribed by
the internal variable theory proposed by the authors. Many valuable data were obtained in this
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way, providing new physical insight as well as a more comprehensive understanding about the
superplastic deformation behavior of AZ31Mg alloy.

In the second part of this work, load relaxation and creep tests for hot rolled Ti-6Al-4V alloy
have also been conducted to clarify specifically the effect of textures on the deformation behavior
of this Ti alloy below 700 °C and the results were then again analyzed according to the internal

variable approach. The values of internal strength variable s* were found to vary significantly by
the textures, but not by the test temperature, while the texture effect was found to decrease at
higher temperatures. The effect of texture was also observed to decrease by raising test
temperature or by reducing the applied stress in creep tests, suggesting that glide assisted
dislocation climb was activated at higher temperature and lower stress.
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6. Publications and presentations

1. Introduction

Magnesium alloys hold the limelight as structural materials due to their excellent properties
such as lightweight, high specific strength, and superior damping capacity. The use of
magnesium aloy has significantly increased recently especially in the automotive industry.
Magnesium alloys are generally fabricated by die casting process in view of high productivity,
suitable strength, quality, and dimensional control. On the other hand, wrought magnesium alloys
have superior ductility and strength than the die casting. They exhibit, however, low ductility
near room temperature due to the limited dlip systems inherent in HCP crystals. Magnesium
aloys, therefore, need to be deformed at higher temperatures in order to obtain adequate ductility
required for plastic forming. There have been numerous efforts to develop an optimum plastic
forming process to enlarge the structural use of magnesium alloys [1-3]. For example, Watanabe
and his coworkers reported extensively about the superplastic deformation behavior of various
magnesium aloys, such as powder metallurgy processed ZK61, ECAE produced ZK60, warm-
rolled AZ31, extruded AZ61, and so on [4-7]. In spite of numerous previous studies, it isbelieved
that the high temperature deformation behavior of magnesium alloys including superplastic
characteristics has not been adequately understood so far.

In case of Ti-6Al-4V aloy as a HCP aloy, deformation behavior is well known to depend on
microstructures as well as textures developed during the prior deformation processes. The a
phase texture is generally known to strongly affect the deformation behavior up to about 600 °C
dueto limited available dlip systems below this temperature. Sheet products manufactured by hot
rolling process exhibit a strong deformation texture depending significantly on the rolling
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temperature, microstructure, and phase volume fraction of constituent phases. It is therefore
necessary to analyze the formation and evolution of texture from the various initia
microstructures during hot rolling process to quantify the relation between texture and
deformation properties.

High temperature deformation behavior of HCP aloys have long been described by a power
law relationship between the two external variables, viz. flow stress (s) and strain rate (), with
the strain rate sensitivity parameter m as its power index [8, 9]. This phenomenological
relationship is believed in this study not suitable to describe adequately high temperature
deformation behavior of HCP alloys. It is therefore attempted to characterize the deformation
behavior of HCP alloys, such as AZ31 Mg and Ti-6Al-4V aloy, by utilizing an interna variable
theory proposed by Chang [10]. The theory has been applied successfully to characterize the high
temperature deformation behavior of various metallic materials such as Al aloys, Pb-Sn hyper-
eutectic alloy, and duplex stainless steels as reported in the previous studies [11-15]. In the
following section, this internal variable theory will briefly be introduced first in the light of

present work.

2. Internal variablestheory

Inelastic deformation.
The theory prescribes inelastic deformation (GMD) to be the simultaneous processes of an

accumulation of internal strain and a relaxation through a plastic strain within the framework of
didocation dynamics as schematically represented in Fig. 1. By further considering dislocation
kinetics for this model, the following kinematics and stress relation among the deformation state

variables could be derived,

&= a+a&(1)

s=s'+s" (2

with & denoting the co-rotational material time derivative of an internal strain similar to that

prescribed by Hart [16] and a the rate of plastic strain. The stress variables s' and s represent
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the internal stress to overcome along range interaction force among gliding dislocations and the
friction stress due to a short range interaction between a glide dislocation and the lattice,
respectively.

Fig. 1 Dislocations pile up against strong barriers during inelastic deformation.
Plastic strain rate and internal strain rate can be regarded as a mechanical activation process by
internal stress and a viscous flow under a frictional drag of lattice, respectively. From these
analogies, thefollowing scalar relation can a so be prescribed,

67/s")=enkE /& @
@&)=6"/s,- )7 (@)

with p and M denoting material constants. The parameters s~ and S, represent the internal
strength and critical static friction stress with a” and & their conjugate reference strain rate,

respectively.

Grain boundary diding (GBS)
In case of superplastic deformation, additional strain rate component due to GBS should be
introduced asillustrated in Fig. 2(a) to give

& =&+ & ©

with g denoting the strain rate due to GBS. Since GBS can be regarded as a stress-induced
viscous flow under africtional drag, the following state equation similar to that given by Eq. (4)
can be prescribed for the GBS,
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@/)=6/s,- 2" ©)
with M 4 denoting a characteristic exponent. The parameters Sy and ¢, represent the critical static
friction strength and its conjugate reference GBS strain rate, respectively. A rheological model
given in Fig. 2(b) shows the kinematics correlation of these state variables. The details of
theoretical development and definitions of constitutive parameters can be found in the references
[10, 14].

@ s ® a 'y
a 9
Q |
' é
—
s GMD GBS

Fig. 2 Aninterna variable model for SSP: (a) topological and (b) rheological view.

Didocation climb.

Thermally activated dislocation climb can induce time dependent creep deformation in high
temperature range. Since it can be considered as a process parallel to plastic straining @) with

similar kinetics of mechanical activation, dislocation creep rate (b) can also be introduced to the

predefined kinematics and stressrelation to give,
&= &+ + 1 )
(s b*/s'):exp(bﬁ/bgap" (8)

where p, is acharacteristic exponent of creep activation similar to p.. The parameters s, and b’

are the strength and conjugate reference strain rate for creep flows, respectively [17].

3. AZ31 (Mg-Al-Zn) magnesium alloy
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Experimental procedures

An AZ31 (Mg-Al-Zn) magnesium alloy used in this study was received in the form of an as-
rolled sheet with the thickness of 6 mm. The sheets were first heat treated at 673 K for 2700 min to
stabilize the microstructure. In order to obtain a fine-grained microstructure capable of

undergoing superplastic deformation, a four pass warm rolling was carried out. The thermo-
mechanical processing routes shown in table 1 led to atotal reduction in thickness from 6 mm to
2.15 mm. The rolled sheets were subsequently heat treated at 523 K for 30 min for stabilization.
Plate-type specimens were then machined from the sheets with the dimensions of 5.0 © 2.1 mn?
cross section area with 5 mm and 25 mm gauge length for tensile and load relaxation test,
respectively. The loading axis of the specimenswas parallél to therolling direction.

Table 1 Rolling schedule used for grain refinement.

Pass Reduction rate
1 20%
2 20%
3 20%
4 3%

* The sheetswere heated at 523 K for 30 min before and
between each rolling pass and rolls were heated to 373 K

Tensile and load relaxation tests were conducted using a computer controlled electro-
mechanical testing machine (Instron 1361 model) equipped with a high temperature furnace
capable of maintaining temperature fluctuation within + 0.5 K. The tensile tests were conducted
at temperatures ranging from 423 to 723K at strain rates of 102 /s, 10 /s and 10* /s. A series of
load relaxation tests has also been conducted to obtain flow curves in a wider strain rate range
with minimal plastic straining, so that the flow behavior can be obtained without changing the
internal structure appreciably. High stiffnesstest machines (INSTRON 8862 & 1361) were used
while maintaining the test temperature within £0.5°C during the test. Two separate PC were used
to control the pre-strain and to record load data as shown in Fig. 3.
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Fig. 3 Schematic diagram of mechanical testing system.

In the load relaxation tests performed in the present study, a specimen was loaded first in
tension up to the elongation of 2 % at 423 K, 523 K, 623 K and 723K, followed by stopping the
crosshead motion. The variation of load was then recorded in a real time basis at the fixed
crosshead position. The flow stress s and inelastic strain rate e were then calculated from the
load-time data following the usua procedure described by Hart et al. [18]. For determining the
effects of strain accumulation, some specimens were preloaded to the elongations of 50 % and
100 % before the load relaxation tests. The furnace temperature of the testing machine was first
stabilized for nearly 90 min before starting the high temperature tests. An optical microscope and

SEM were then used to observe the microstructures of grip and gauge partsin the tensile and load
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relaxation specimens after the mechanical tests.

Results and discussions
Microstructures of AZ31 aloy before and after rolling at 523 K are shown in Fig. 4(a) and (b),
respectively. The grainsbeforerolling are observed to becoarser and equiaxed in Fig. 4(a), while

the resulting microstructure after rolling consists of very fine grains with the average diameter of

about 5 mm.

Thetotal elongations to failure of the AZ31 alloy are shown in terms of test temperature and
strain rate in Fig. 5. The largest tensile elongation of 426 % was obtained at 673 K and 10™ /s.
The elongation tends to increase with the increase in test temperature. Thetest temperature higher

than 673 K appearsto cause asignificant grain growth resulting in the decrease of elongation .
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Fig. 5 Total elongation vs. temperature curves at the various strain rates.

Total elongation is observed to become strongly dependent on the strain rate as test
temperature is raised, while the deformation behavior is relatively insensitive to strain rate

variation at 423 K. The microstructures of grip parts in tensile specimens, tested at the
temperatures of 423 K, 523 K, 623 K and 723 K with the strain rate 10 /s are given in Fig.
6(a)~(d), respectively. The grip parts of these specimens can be regarded as equivalent to static
heat treatment with the conditions of 423 K for 320 min, 523 K for 600 min, 623 K for 700 min
and 723 K for 750 min. In spite of amuch longer heat treating time at 623 K than that at 523 K,
grain growth is observed relatively small at 623 K. A few coarser grains are, however, found at
623 K, while asevere grain growth can be observed at 723 K as shown in Fig. 6(d).
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: Er @ e e altes
Fig. 6 Grip parts of tensile specimen deformed at (a) 423 K, (b) 523 K, (c) 623 K, and (d) 723 K.

The microstructures of gauge section are given in Fig. 7. The serrated grain boundaries with
numerous very fine grains can be clearly recognized in Fig. 7(a), suggesting that DRX process
had initiated but not finished yet at 423 K. Smooth grain boundaries are, on the other hand,
observed at 523 K as shown in Fig. 7(b) with the microstructure consisting of fine and equiaxed
grains, implying dynamic recrystalization (DRX) and GBS as the major deformation
mechanisms at 523 K and 10 /s. Large cavities are observed at the temperatures above 623 K as
shownin Fig. 7(c) and (d), possibly caused by GBS[19].
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Fig. 7 Gauge sections of tensile specimens deformed at (a) 423 K, (b) 523 K, (¢) 623 K,

A load relaxation test can provide flow curves in a much broader range of strain rates with a
minimal plastic straining, so that the flow behavior can be obtained without changing the internal
structure[12, 14]. Since the grain growth rate of AZ31 magnesium alloysisrelatively fast at high
temperatures, microstructure investigation must be carried out before and after a load relaxation
test to verify the test reliability. The holding time of specimen at the initial temperature was not
over 30 min inthe relaxation tests. The effect of grain growth during load relaxation test appears
to be negligible in the temperature range from 423 K to 623 K by comparing the microstructures
before and after |oad relaxation test. A significant grain growth, however, occurred at 723 K. The
flow curves obtained from the relaxation test at the various temperatures and pre-strains are
shown in Fig. 8. It is apparent that an increase either in the temperature or strain accumulation
tends to shift the flow curves toward the higher stress and higher strain rate region. As described
in the previous section, an operation of additional dip systems can be regarded as a main cause
for the flow curve shift at higher temperatures. The flow stress at a given strain rate and test
temperature is seen to decrease as the amount of pre-strain increases except in the faster strain
rate region in Fig. 8. The DRX occurred during the loading period to the pre-strain levd is
believed to cause the grain refinement [19], consequently shifting flow curves to the higher stress

and faster strain rate region.
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Fig. 8 Flow curves obtained from relaxation tests with the pre-strains of 2 %, 50 % and 100 %.

All flow curves given in Fig. 8 exhibit clearly noticeable concave upward portions within
broad strain rate ranges except at 423 K, which is a strong manifestation of GBS in view of the
internal variable theory [12]. The flow curves obtained with the 2% pre-strain were analyzed by
using the constitutive relations given by Egs. (3), (5), and (6) and the results are shown in Fig. 9.
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Fig. 9 Flow curve analysis obtained at (a)

423K, (b) 523K and (c) 623 K.

Theflow curve at 423 K isseento fit well by the GMD constitutive relation alone given by Eq.
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(3), while the curves at 523 K and 623 K are seen to consist of the GMD and GBS contributions.
Since the GMD is expected in the regions of higher strain rates and lower stress at 523 K and 623
K, the data in those regions are first used to characterize the deformation process of a elements.
Thethin solid linesmarked as GMD in Fig. 9 are the predicted curves of a elements estimated in
thisway. The strain rate due to GBS (g) can then be obtained by subtracting the valuesof a from
the total inelastic strain rates as prescribed by Eq. (5), assuming » »0. The GBS curves are then
constructed by using Eg. (6) as shown dotted lines in Fig. 9. The constitutive parameters used in
Egs. (3) and (6) can be determined by anonlinear curve fitting method and the results are listed in
Table 2. The bold linesin Fig. 9 represent the composite curves predicted by Egs. (3), (5), and
(6), exhibiting a good agreement with the experimental data. The flow curves at 423 K shown in
Fig. 9(a) suggests that GBS does not occur at this temperature, which can easily be verified by
the tensile test results and microstructures givenin Fig. 5 and Fig. 7(a), respectively.
Table 2 Constitutive parameters determined from the load rel axation tests.

log s* log a* p log Sy Log do My
423 K 2.259 -6.045 015
523 K 2.039 -4.017 0.15 0.441 -6.191 10
623 K 2.001 -2.773 0.15 0.378 -5.350 10
423K [20] 2.346 -6.768 0.1
623 K [20] 2.071 -3.687 0.15

The upper curve in Fig. 9(a) is the flow curve obtained previously from relaxation test under
the same condition for avery coarse-grained AZ91 aloy [20]. By comparing the two flow curves
givenin Fig. 9(a) and their material parameters listed in table 2, some valuable information such
as the effect of grains size on flow behavior can be deduced. The flow curve tends to shift
towardsto the higher stress and faster strain rate region by reducing the grain size. Another point
to be noted here isthat the material parameter p for fine-grained alloy is found to have a different
value of p =0.15 from p =0.1 obtained for coarse-grained alloy aslisted in Table 2. The parameter

p was prescribed to represent dislocation permeability through strong barriers such as grain
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boundaries, so that p value should depend on the properties of boundary and crystal structure.
The parameter p has, on the other hand, been reported to be independent of grain size [13]. The
change in p vaue is therefore thought to relate with the additional slip systems activated in our
fine-grained AZ31 alloy. The coarse-grained AZ91 alloy exhibited much lower elongation of
only 62 % at 423 K [20], compared to that of 168 % for fine-grained one used in this study. These
results of p=0.15 implies, in turn, indirectly the activation of additional slip systems during the
deformation, in contrast to the value of p = 0.1 commonly observed for hexagonal close packed
crystals[13, 21], in agood agreement with the previous result [20].

The flow curve analysis obtained at 523 K exhibits a GBS region characterized by a concave
upward portion as observed in Fig. 9(b). This in turn implies that this aloy will exhibit
superplastic deformation behavior at this temperature, consequently confirmed by the tensile test
results and microstructures given in Figs. 3 and 5(b). The GBS region is observed to expand with
the temperature increase as can be seen in Fig. 9(c). Thisresult can be related to the deformation
behavior at the strain rate of 102 /s, where the elongation was increased from 134 % to 200 % by
increasing the test temperature from 423 K to 523 K (Fig. 3). The extension of GBS region with
the increase in temperature implies that the GBS to occur even at the faster strain rate of 103 /s,
resulting into the significantly increased el ongation at higher temperatures.

Summary
1. A four pass rolling of AZ31 Mg dloy at 523 K produced fine-grained microstructures and

exhibited superplastic deformation behavior with 426 % elongation at 723 K and 10 /s,

2. Theflow stressvs. strain rate curves were found to shift to the higher strain rate and higher
stress region by increasing the strain accumulation and reducing grain size as prescribed by the
internal variable theory.

3. The permeability parameter p was found to be 0.15 for afine-grained AZ31 Mg aloy possibly
dueto the activation of additional slip systems during deformation.

4. The GBS region is found to enlarge with the temperature increase, resulting n larger
elongations at higher strain rates

4. Ti-6Al-4V Alloy

CAAM [BOSTECH 15
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Experimetal procedures
A commercial Ti-6Al-4V aloy was first homogenized at 1050 °C for 30 min before cooling

with the various cooling rates, viz. water cooling (WC), air cooling (AC), and furnace cooling
(FC) to produce different microstructures with various a phase thicknesses [22, 23]. The alloy
was then hot rolled at 700 °C with 60 % reduction before annealing at 800 °C for an hour. After
hot rolling, microstructures of the alloys were again observed by an optical microscope and the
deformation texture of a phase developed during hot rolling was measured for (0002) plane by
XRD polefigure.

A series of load relaxation tests has been conducted to obtain the flow curves at the various
temperatures between 500 °C and 700 °C for specimens with different orientations and cooling
rates. Load relaxation test can provide stress-strain rate relations in a much broader range of
strain rates with minimal plastic straining [24, 25], enabling to obtain the flow curves without
changing the internal structure appreciably [26]. The relaxation data were then consequently
analyzed utilizing the internal variable theory for inelastic deformation [10]. Creep tests were
a so performed to obtain the datain lower strain rate regime and the results were then compared

with the relaxation test results.

Results and discussions

The microstructures obtained after furnace cooling (FC), air cooling (AC), water cooling (WC),
are shown together with the as-received to exhibit different a phase thickness in Fig. 10, while

the grain size variation after hot rolling is exhibited in Fig. 11. This grain size variation seems to
be caused by the different a phase thickness obtained by changing the cooling rate [22].

@

S
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SO

Fig. 10 Optical micrographs of (a) As-received, (b) FC, (c) AC and (d) WC specimens.

Fig. 11 Microstructures after hot rolling; (8) As-received, (b) FC, (c) AC and (d) WC specimens.
The deformation textures of a phase after hot rolling are given in Fig. 12. The textures of three
heat-treated alloys showed a similar pattern, but non-heat-treated alloy exhibited texture
developed only in the normal direction to rolling.
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@ T

= : Intensity > 50 %
Fig. 12 Deformation textures of a phase after hot rolling; (a) As-received, (b) WC, (c) AC and (d) FC.

The flow curves obtained fromload relaxation testsare shown in Fig. 13. The flow stress and
the total inelastic strain rate were calculated from the load-time data following the usual
procedure described by Lee and Hart [ 18].

(8 AC® (b) 5507C 0? () AC550 C
2.8 2.9
26 2.7 28
£ F 2o £,
E 2.2 E é .
s o 25 7S
(o) D
D18 2 S 26 &
- X 500°C 24 g
14 ° ° 550°C oFC 25 & o
A600°C 23 O AC P 30
© 700°C WG . L 45°
1 2.2 2.4
7 6 5 -4 3 -2 7 6 -5 -4 -3 -2 7 -6 5 -4 -3 -2
Loge(/s) Log e (/s) Loge(/s)

Fig. 13 Variation of flow curves depending on the (a) temperatures, (b) cooling rates and (c) orientations.

The load relaxation test at the high homologous temperature of T 3 05Ty ensures that the
friction stresss™ isvery small comparedtos' to gives @s'. Also the tests were performed after
the flow stress reached at anearly steady stateto ensurethat a = 0 to reduce the Eq. (7) into

& =a&+b. 9)
These flow curves were then separated into the GMD and dislocation climb contribution by using
Egs. (3) and (8), respectively according to Eq. (9) and atypical analysis result is shown in Fig.
14. The congtitutive parameters determined by thisanaysis are listed in Table 3 through 6.

CAAM [BOSTECH 18
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Temp Dislocation glide Didocation climb
.[°C] Log s* Loga* p Log s* Loga* p
00 45  90° | 0 45  90° 00 4 9 [ 00 45 90
500 | 740 724 789 | -7.66] 7.68] -7.48 | O [1405 1376 1490 | 486 -483 -468| 0.15
600 | 735 724 774 | -482 | -475 | -4.77 1249 1232 1317 | -382 -3.75 -3.77
AC5002C0?
29
o
28
g
2
%2}
g &
=55 o Exp.
GMD
— dlimb
SUM
26 *
7 6 5 4 3 -2
Loge (/s)

Fig. 14 The flow curveis shown to consist of GMD and dislocation climb contribution.

Thevalue of p isfound as 0.15 as has been reported previously as a characteristic value for cubic
crystals [27] and HCP materials [21]. The power exponent n and a* appear not to change
significantly with the orientations, but vary with temperatures. The internal strength s*, on the

other hand, varieswith the texture, but not with the temperature.
Table 3 Constitutive parameters of as-received specimen.

Table 4 Constitutive parameters of FC specimen.

Temp Dislocation glide Didocation climb

[°C] Log s* Loga* p Log s* Loga* p
00 4 9 | 0° 45 o 0" 4 9o | 0° 45 o

500 | 745 681 871 | -846] -840 -835| 045 | 1415 1293 1655 | -566 -560 -555| 0.15

550 | 743 670 845 | -670 | -6.68| -6.64 1337 1206 1522 | -4.70 -468 -4.64

600 | 736 665 832 | -537|-524| -575 1252 1131 1414 | -437 -424 -A75

Table 5 Constitutive parameters of AC specimen.
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Temp Dislocation glide Didocation climb
[°C] Log s* Log a* p Log s* Loga* p
0°  45° 90° | 0° 45°  90° 0°  45° 90° | 0°  45°  90°
500 | 780 695 880 |-7.90 -7.82 -7.74 1482 1321 1672 | -510 -502 -4.94
550 | 774 o692 878 | -646 670 -626|°1° | 1304 1246 1580 | -446 -470 -426| 0.15
600 | 773 690 875 |-492 -530 -4.89 1314 1173 1488 | -392 -430 -3.89
700 | 769 685 872 | -268 -296 -2.74 1231 1096 1395 | -2.18 -246 -2.24
Table 6 Constitutive parameters of WC specimen.
Temp Didocation glide Didocation climb
.[°C] Log s* Log a* p Log s* Loga* p
00 4 90 | 00 42 9 00 45 90° | 0 45  90°
500 820 760 925 [ -682(-680|-689| . |1550 1445 1757 | -402 -400 -400|
550 | 815 757 910 | -5.66 | -5.64 | -5.92 1466 1362 1638 | -3.66 -364 -3.92
600 | 809 752 906 | -4.50 | -4.59 | -4.47 1375 1278 1540 | -350 -359 -3.47

The flow stress variations measured at the two different strain rates are plotted in Fig. 15 in

terms of temperature to revea the decreasing tendency of anisotropy with temperature increase

due to activation of additional slip systems at higher temperatures [28]. The internal strength s*

is, however, seen to vary little with temperature from Fig. 16. This in turn implies that the

structures of strong barriers acting against the dislocation glide did not change appreciably with

temperature in a good agreement with the observation that there was no distinct grain growth or

phase fraction change after the tests[21].

Fig.
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15 Variation of flow stress anisotropy measured at (a) e= 6.3x10* and (b) e= 3.5x10°.

C/AM (IOSTECH

20



Young Won Chang
POSTECH, Pohang 790-784, KOREA

= 294 - & —®—AC0°

o —8— AC-45 °

S 29 . —A—AC-90°

% 2gg fF——=8 —8— As-received-0°
2 [ . . —&— As-received-45°
- 282 —&— As-received-90 °

2.78
500 550 600 650 700

T
Fig. 16 Internal strength parameter s* is plotted as afunction of test temperature.

The power law exponents n can be observed to vary from 5-6 at 500 °C to 3-4 at 600 °C to
suggest that the dislocation climb is more activated. And a rather large dependence to test
orientation at low temperatures, as shown in Fig. 15, implies that dislocation glide is main
deformation mechanism, while the disappearance of orientation dependence at higher
temperatures provides an indirect evidence for didocation climb as diffusion process. A
significant orientation dependence of internal strength s* can aso be observed from Fig. 16 for
both the as-received and AC specimens, but the as-received specimen has less orientation
dependence than the others as expected from the features of texture formed givenin Fig. 12.

Theresults of creep tests, performed to obtain data of low strain rate regime, are shown in Fig.
17. The time to reach to 1 % plastic creep strain seems to depend on the test directions, again
suggesting main deformation mode by dislocation glide. Creep test resultsin Fig. 17(b) show that
the effect of textureisreduced by lowering stress and raising temperature and it is explained from
the former load relaxation test that dislocation climb is more activated. These results are in

agreement with the result of |oad relaxation tests.
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Fig. 17 Creep test results; (a) Timesto reach 1 % plastic creep strain and (b) the power law exponents at

500 °C and 600 °C.
Summary
1. Microstructures with different a phase thickness were obtained by varying the cooling rate,

o ok~ W DN P O

7.

which in turn produced various textures after hot rolling.

Flow curves obtained from load relaxation tests revealed quantitatively their dependence on
microstructures, test temperatures, and textures.

Theinternal strength variable s* was found to vary significantly by the textures, but not by
test temperature, while the texture effect was found to decrease at higher temperatures.

The effect of texture was a so observed to decrease by raising test temperature or by reducing
the applied stressin creep tests, suggesting that glide assisted dislocation climb was activated
at higher temperature and lower stress.
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